Cohmans and batch reactors of pepsin immobilized on glass were used to study the mechanism of enzymic dotting o4 milk. A linear relationship existed between nonprotein nitrogen release and the logarithm of coagtdation time of skim milk within limits tested. A nearly linear relationship was found between the logarithm of nonprotein nitrogen release and increase in curd terrsion of skim milk. Ultracentrffuged skim milk supernate treated with immobilized pepsin caused skim milk or washed micelles to clot. The coagulation time for treated skim milk, treated micelles, treated ultracentrifuged skim milk supernate plus micelles, and treated ultracentrifuged skim milk supernate plus skim milk decreased as the contact time with immobilized pepsin on glass was increased.
Introduction
Enzymes have been immobilized by entrapment in gels, microcapsules, or ultrafiltration cells, by covalent binding to insoluble carriers, and by covalent cross-linking with bifunctional reagents (8, 20, 27) . Immobilized enzymes have been used widely on a laboratory scale and are now under development for industrial use (1, 22, 23, 24, 27) .
Our research has been concerned with development of uses for immobilized enzymes in the food industry and with investigations on the structure of ~:he bovine casein mieelle (2, 3, 26) . A previous paper reported the use of a column of pepsin covalently bound to porous glass for coagulation of skim milk during continuous flow through the column (6) . Use of immobilized pepsin allowed easy separation of substrate and enzyme and thereby allowed control over the extent of enzymic action. Therefore, it was used for preliminary experiments relating nonprotein nitrogen (NPN) release, coagulation time, and development of Received June 13, 1974. curd tension when skim milk and skim milk fractions were treated with pepsin immobilized on glass. Since pepsin cleaves the same bond as rennin yielding para-~-easein and the macropeptide (5), the NPN release for pepsin and rennin should be comparable.
Materials and Methods
Skim milk was obtained from the University of Wisconsin Dairy Plant or was prepared by centrifuging fresh milk from the University Dairy Farm at 5,000 X g for 30 min at 30 C and removing the cream layer with a vacuum apparatus. Ultracentrffuged skim milk superhate (UCSMS) was obtained by centrifuging fresh skim milk at 100,000 X g for 1 h at 30 C and utilizing the supematant. Simulated milk ultrafiltrate (SMUF) was prepared with analytical reagent-grade reagents following the procedure of Jenness and Keeps (13) . Washed micelles were prepared by resuspending the pellet, after removal of UCSMS, in SMUF at 30 C with the aid of a wrist-action shaker for 45 rain. The micelles were sedimented again at 100,000 X g for 1 h and resuspended as before. The temperature was held at 30 C to maintain integrity of the micelles.
Pepsin immobilized on porous glass beads was generously supplied by Dr. H. H. Weetal of Coming Glass Works, Corning, NY. The pepsin glass beads were washed in a column with 2 liters of .001 M HC1 and rinsed with 1 liter, SMUF (pH 5.9) to remove all traces of free enzyme. The glass beads were then treated with skim milk at pH 5.9 at 5 C for 30 min to allow the glass beads to adsorb proteins and to come to a near constant enzymic activity prior to usage (6) . The pH of all substrates was adjusted with 2 M phosphoric acid to less than 6.1 to avoid inactivation of pepsin glass (6) .
Ten milliliter volumes of substrate solutions at pH 5.9 were reacted with .66 or .84 g pepsin glass in 15 ml capped test tubes on a wrist-action shaker at 4 C or 25 C for indicated times or with a column of pepsin glass as indicated. All substrates were dotted after enzymic treatment on a Sommer-Matsen rennet tester (21) at 30 C. Precipitation of proteins with 2% or 10% trichloroacetic acid (TCA), analysis of I000 NPN, and determination of coagulation times 800 were described previously (6) .
Curd tension. Relative rates of increase of 600 curd tension were estimated as follows: About 55 ml of skim milk, after flowing through a column of pepsin glass, were collected in a beaker ~ 400 in an ice bath. A 25 ml sample was used to determine coagulation time and NPN release, t.) O The remainder of the sample was heated to e0 29,5 to 30.5 C by forcing it rapidly through a ,32 cm X 2 m coiled stainless steel tube held <~ 200 at 31 C. Residence time in the tube was less tu than 5 s, and the time to pass all of the sample through the tubing was less than 10 s. The Iheated sample was collected in a beaker (2.5 ~ 100 X 6.7 cm) and placed in a water bath at 30 ~< C until just prior to coagulation. The increase 80 in curd tension of the sample was measured after coagulation with a Brookfield helipath viscometer as described by Richardson et al. .J 60
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Relationship between amount of nonprotein nitrogen (NPN) soluble in 10g triehloroaeetie acid released from skim milk at pH 5.9 during treatment with a column of pepsin glass; and subsequent coagulation time of skim milk. (17) except that an unmodified TE spindle was used.
Results and Discussion
Release of NPN. Skim milk, adjusted to pH 5.6 or 6.0 was allowed to flow through a .9 X 5.5 cm column of pepsin glass at 15 C. Flow rates were varied to obtain effluent skim milk which coagulated at different times upon warming to 30 C. Samples of skim milk, collected at different flow rates, were treated with sufficient 12% or 60% TCA to give a final TCA concentration of 2% or 10%, and the resulting filtrate was analyzed for nitrogen by the Kjeldahl method. An inverse linear relationship was observed between the logarithm of coagulation time and amount of NPN released by pepsin glass ( Fig. 1 and 2 ).
Wheelock and Knight (25) observed that treatment of skim milk with soluble rennet resuited in liberation of 10% TCA-soluble NPN equivalent to 2 to 3% of the casein nitrogen and 2% TCA-soluble NPN equivalent to about 3 to 5% of casein nitrogen. (The variation resuited from differences between individual cows and stage of lactation.) Release of NPN after coagulation was slow (25) . Griffin observed similar rates of release of 2% TCA-soluble NPN, but the amount of NPN released was equivalent to only 3.0% of casein nitrogen (12) . In our experiments, release of NPN from skim milk bv a column of pepsin glass depended on the flow rate through the column. When skim milk at pH 6.0 was treated with pepsin glass, the amount of 2% TCA-soluble NPN released was equivalent to 2.1 to 4.1% of casein nitrogen whereas the 10% TCA-so]uble NPN released was equivalent to 1.2 to 2.3% of the casein nitrogen.
Curves in Fig. 1 and 2 show no indication of having reached maximum NPN release that was characteristic of the data of Wheeloek and Knight or Griffin (12, 25) . In addition, there appears to be no limiting NPN release at which coagulation would not occur since the curves in Fig. 1 and 2 are linear up to the maximum coagulation times (350 s). In other experiments, coagulation times of more then 5,000 s were obtained. However, NPN release was not measured. Apparently only a small amount of NPN release is necessary to cause coagulation. This may have resulted, in part, from the lower pH (5.6 and 6.0) of the milk during treatment and coagulation (7).
Effect of pH.
Lowering the pH of skim milk from 6.0 to 5.6 resulted in slightly faster eoagulation times for the same amount of NPN release. This effect is well known and apparently results from the reduced negative charge on casein miceIles and from increased concentration of calcium in solution (5, 9) . The coagulation time-NPN release curve for skim milk at pH 5.6 had a more negative slope than the curve for skim milk at pH 6.0. For any of the (solid) curves in Fig. 1 and 2 the coagulation time can be described bv the equation: Curd tension. Skim milk at pH 5.9 was allowed to flow through a .9 X 10.0 cm column of pepsin glass at 15 C, and samples were collected as before. The effluent skim milk was analyzed for nitrogen soluble in 2% TCA, and the rate of increase of relative curd tension was measured for each sample. Relationship was nearly linear between the amount of NPN released during treatment of milk with pepsin glass and the logarithm of the rate of increase in curd tension (Fig. 3) . A slight increase in the slope of the curve occurred at a point equivalent to 900 /~g NPN/ml of skim milk. It was impossible to measure curd tension development of samples subjected to extended treatment times. Samples, which coagulated in 25 s or less on the Sommer-Matsen rennet tester, formed small curd particles rather than one contiguous gel. washed micelles. As the contact time of the UCSMS with pepsin glass at 4 C increased, the resulting coagulation time at 30 C of 1 ml of treated UCSMS added to 1 ml skim milk in a Sommer-Matsen test bottle decreased as indicated by curve A of Fig. 4 . Controls to insure enzyme was not being washed off the pepsin glass included treatment of pepsin glass with SMUF under the same conditions as above followed by mixing the treated SMUF with skim milk. In no case did these controls produce a clot within 5 h at 30 C. Skim milk at 4 C reacted with pepsin glass and coagulated as before, produced a similar curve (Curve B, Fig.  4 ), except the coagulation times were much shorter as compared to skim milk-UCSMS mixture (Curve A). The ability of UCSMS to coagulate untreated skim milk suggests that coagulation occurs, in part, from bridges of para-K-casein between micelles. The para-K-casein may be produced from r-casein in solution or that contained in small miceUes.
Treatment of skim milk fractions.
Washed micelles were mixed with a volume of UCSMS to approximate the ratio in skim milk at pH 5.9 and reacted with pepsin glass at 25 C. The ~e was added to an equal volume of skim milk at pH 5,9 (2 ml reacted washed micelles-UCSMS plus 2 ml skim Fig. 5 . A sample of UCSMS (pH 5.9) was treated at 25 C with the same pepsin glass; 2 ml of UCSMS were combined with 2 ml skim milk as before and assayed on the Sommer-Matsen tester. The relationship between contact time and coagulation time (Curve K) was similar to Curve B, but coagulation rates were slower.
Skim milk at pH 5.9 was reacted at 4 C with pepsin glass and dotted at 30 C. Also UCSMS (pH 5.9) was reacted at 4 C for an equal time, with the same pepsin glass, and mixed with an equal volume of fresh washed micelles (pH 5.9, 25 C) reconstituted to approximately twice the concentration as in the original skim milk, and clotted at 30 C. Coagulation times were 126 s for skim milk and 133 s for the UC-SMS plus washed micelles (2X). The observation that coagulation time of UCSMS plus washed micelles (2X) approached that of treated skim milk also indicates that there is sufficient serum x-casein in milk which can be modified to induce clotting of unmodified mieelles.
Under treatment conditions in this study, the amount of para-x-casein formed from serum-x-casein in UCSMS apparently was equivalent to that produced from serum and micellar x-casein in skim milk since both systems coagulated at approximately the same rate. However, this equivalency would hold only up to a given treatment duration since only 30 to 38% of the x-casein would be contained in UCSMS (16, 18, 19) . More extensive enzymic action would decrease coagulation time in skim milk below that attainable in a mixture of treated UCSMS and untreated skim milk since serum and mieellar x-casein are available in skim milk for modification.
Conclusion
The ability of enzyme treated UCSMS to coagulate washed mieelles (2X) at the same rate as treated skim milk suggests that the slower coagulation of the treated UCSMS-skim milk mixture, as compared to treated skim milk, resulted from more than a dilution effect. The x-casein contained in the serum phase of untreated skim milk may complex with para-K-casein from enzyme treated UCSMS to stabilize the mieelles, resulting in longer coagulation times. The above observations also support the mechanism of coagulation in which bridging of para-K-casein occurs between micelles as suggested by Parry and Carrol (16) . Resuspension o~ mieelles in SMUF after the first washing was difficult, and the concentration of micelles in suspension after 45 mill of shaking varied appreciably. The concentration of micelles suspended affected the coagulation time when reacted with enzyme treated UCSMS. As Green (10) suggested, the micelles after centrifuging may not separate completely and incomplete resuspension could affect coagulation times.
Characterization of coagulation.
Use of pepsin glass allowed unique methods for studying enzymic milk clotting. Enzymic and coagulation phases could be separated and investigated which is not completely possible with soluble enzyme. The enzymic phase can be carried out at low temperatures with soluble enzyme which will prevent coagulation. However, enzyme action would continue, at an accelerated rate, when the milk was warmed to determine coagulation rates. This could have significant effects with longer coagulation times and would obviate any definitive studies on coagulation of skim milk with enzyme treated UCSMS, as was done in this study. The problem of treating UCSMS with soluble enzyme would be compounded if small mieeUes were present in the serum as suggested by Rose (18) .
Use of immobilized enzymes, such as pepsin glass, should facilitate more accurate determination of the temperature coefficient for milk coagulation and aid in determination ot the effect of pH on milk dotting (independent of the effect of pH on the enzyme). Assessing the influence of variables such as pH, temperature, and NPN release on curd tension should be facilitated also.
Mechanism of coagulation.
We propose the following sequence during enzymic coagulation of milk. First, the milk clotting enzyme cleaves a highly acidic macropeptide from xcasein as suggested by Macldnlay and Wake (15) . This would leave para-x-casein more positively charged than native x-casein, as suggested by Green and Crutchfield (9) , and would decrease electrical repulsive forces between casein micelles (11) . Secondly, parax-casein, whether in the serum as suggested by Parry and Carrol (16) or on the surface of the micelle, forms bridges interlinking micelles to produce the gelatinous eoagulum.
